During early development, animal embryos depend on maternally deposited RNA until zygotic genes become transcriptionally active. Before this maternal-to-zygotic transition, many species execute rapid and synchronous cell divisions without growth phases or cell cycle checkpoints. The coordinated onset of transcription, cell cycle lengthening, and cell cycle checkpoints comprise the midblastula transition (MBT). A long-standing model in the frog, Xenopus laevis, posits that MBT timing is controlled by a maternally loaded inhibitory factor that is titrated against the exponentially increasing amount of DNA. To identify MBT regulators, we developed an assay using Xenopus egg extract that recapitulates the activation of transcription only above the DNA-to-cytoplasm ratio found in embryos at the MBT. We used this system to biochemically purify factors responsible for inhibiting transcription below the threshold DNA-to-cytoplasm ratio. This unbiased approach identified histones H3 and H4 as concentration-dependent inhibitory factors. Addition or depletion of H3/H4 from the extract quantitatively shifted the amount of DNA required for transcriptional activation in vitro. Moreover, reduction of H3 protein in embryos induced premature transcriptional activation and cell cycle lengthening, and the addition of H3/H4 shortened post-MBT cell cycles. Our observations support a model for MBT regulation by DNA-based titration and suggest that depletion of free histones regulates the MBT. More broadly, our work shows how a constant concentration DNA binding molecule can effectively measure the amount of cytoplasm per genome to coordinate division, growth, and development.
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early vertebrate development | systems biology | cell size control | maternal zygotic transition | transcription activation T he midblastula transition (MBT) is the first major developmental transition in many fast-developing organisms. Before the MBT, proteins encoded by maternally supplied RNAs drive the early, synchronous cell divisions of the embryo. At the MBT, the cell cycles lengthen to incorporate growth phases, and the zygotic genome becomes transcriptionally active (1, 2) . In addition, the MBT is often associated with the emergence of cell cycle checkpoints, cell motility, and in Drosophila, cellularization of the syncytium.
The onset of the MBT during early development has been attributed to two general classes of mechanisms. The first class posits that embryos monitor the amount of time since fertilization or count the number of divisions. The second class posits that embryos monitor changes in the DNA-to-cytoplasm ratio in individual cells. Before the MBT, synchronously dividing cells of the embryo do not grow, and thus, the DNA-to-cytoplasm ratio doubles as the cell volume is halved with each division. In D. melanogaster, some genes respond to the timer mechanism, and other genes, including those that control cell cycle lengthening and syncytium cellularization, respond to the DNA-to-cytoplasm ratio (3) (4) (5) (6) (7) . In Xenopus, the degradation of the cell cycle regulator cyclin E and the emergence of the mitotic checkpoint have been attributed to timer mechanisms (8, 9) . However, the DNA-to-cytoplasm ratio controls critical MBT events, including zygotic genome activation, cell cycle lengthening, and onset of cellular motility (1, 2, 8).
One prominent model for how frog embryos sense the DNAto-cytoplasm ratio is that a maternally contributed inhibitor is deposited at a set concentration in the cytoplasm and then titrated against the exponentially increasing amount of DNA. The MBT is triggered when the DNA concentration crosses a threshold, at which the inhibitor no longer saturates the DNA (1) . Since this model was proposed, several potential factors have been suggested to regulate the MBT, including chromatin components and modifiers, signaling proteins, replication factors, metabolic components, and transcription factors.
Factors regulating chromatin assembly were the first proposed to control MBT timing. Consistent with this hypothesis, chromatin assembly can compete with transcriptional machinery before the MBT (1, (10) (11) (12) . In vitro, histones can inhibit transcription from ssDNA (13) , and coinjection of histones with exogenous DNA into Xenopus embryos reduces the amount of transcription from that exogenous DNA template (10) . Taken together, these experiments led to the hypothesis that histone levels regulate the timing of transcriptional activation in the Xenopus embryo (10) (11) (12) (13) . However, the effects of histone levels on the transcriptional activation of endogenous genes and other MBT-related events, including cell cycle lengthening, were not assessed. It, therefore, remains unclear whether histone or some other chromatin component acts as a titratable inhibitor controlling MBT timing. Indeed, other chromatin binding proteins have been proposed to be the titratable factor at the MBT. The chromatin modifier DNA (cytosine-5-)-methyltransferase 1 (xDnmt1) inhibits transcription in pre-MBT embryos. However, because xDnmt1 mRNA has been Significance Embryos depend on maternally deposited RNA until zygotic transcription activates. In many species, genome activation coincides with cell cycle lengthening and cellular motility, which collectively comprise the midblastula transition (MBT). A longstanding model is that MBT onset is controlled by titration of a maternally loaded inhibitor against exponentially increasing DNA. To identify MBT inhibitors, we developed an assay using Xenopus egg extract that recapitulates transcriptional activation only above a DNA-to-cytoplasm ratio similar to MBT embryos and identified histones H3 and H4 as inhibitors. Changing histone levels quantitatively shifts the DNA concentration required for transcription in vitro and alters the onset of both zygotic transcription and cell cycle lengthening in vivo. Our work strongly supports histones as a titrated MBT inhibitor. observed only in one-half of the embryo, xDnmt1 is unlikely to be responsible for sensing the DNA-to-cytoplasm ratio in the entire embryo (14) (15) (16) .
In addition, two sets of factors have recently been implicated in S-phase lengthening at the Xenopus MBT. One set is the protein phosphatase 2A (PP2A) with its regulatory subunit B55α. PP2A opposes the cell cycle arrest in response to replication stress and is limiting for rapid replication at high DNA concentrations in vitro (17) . However, it is unclear if PP2A is limiting in vivo. The other set of proposed S-phase regulators is the replication factors Cut5, RecQ4, Treslin, and Drf1. Overexpression of these factors together induces additional rapid cell cycles in vivo (18) . However, these factors become unstable at the MBT, and therefore, it is unclear whether they become limiting by titration or instead, degradation in response to another MBT-initiating signal. Moreover, although both sets of factors may contribute to cell cycle lengthening at the MBT, it is unclear how they would control transcriptional activation. Interestingly, other essential replication components, including dNTPs, also become limiting near the MBT (19) , suggesting that more than one pathway may impinge on S-phase lengthening at this stage.
Many genes near the MBT are activated by specific early transcription factors, which include Zelda in Drosophila and Nanog, Pou5f1 (Oct4), and SoxB1 in zebrafish (20) (21) (22) (23) (24) (25) (26) . In Drosophila, a proposed site-specific repressor, Grainyhead, might be the titrated factor, because it competes with the transcriptional activator Zelda for the same binding sites (21) . Thus, increasing the number of binding sites through replication might serve to titrate Grainyhead or similar inhibitors to allow activator binding. However, titration based on specific binding sites cannot explain the observation that injection of exogenous DNA lacking specific transcription factor binding sites is sufficient to activate genomewide zygotic transcription in Xenopus (1). Thus, although necessary and clearly important, specific transcription factors do not explain the dependence of many transcripts on the ratio of DNA to cytoplasm.
Therefore, although several MBT regulators have been identified, it is unclear which, if any, of these titrate against the genome to control MBT timing. Here, we developed a cell-free system that recapitulates transcriptional activation dependent on the DNA-tocytoplasm ratio. Using this system, we biochemically purified an inhibitory activity and identified histones H3 and H4 as responsible for transcriptional inhibition in our assay. We show that manipulation of H3/H4 levels quantitatively shifts the amount of DNA required for transcriptional activation in vitro. In vivo, an ∼50% reduction of H3 shifts the MBT earlier by one cell cycle as assayed by global transcription and cell cycle lengthening, and increasing the amount of H3/H4 in the embryo shortens post-MBT cell cycles. Taken together, our results support a critical role for histones H3 and H4 in sensing the DNA-to-cytoplasm ratio in vivo to trigger the MBT.
Results
Transcription in Xenopus Egg Extract Is Sensitive to the DNA-toCytoplasm Ratio. To study the mechanism of zygotic genome activation in early embryos, we developed a cell-free system using Xenopus laevis egg extracts that allowed us to directly manipulate the DNA-to-cytoplasm ratio and measure the transcriptional response. We added varying concentrations of purified sperm chromatin into a constant volume of cytosolic extracts from unfertilized Xenopus eggs supplemented with 32 P-α-UTP to measure new RNA synthesis (Fig. 1A) . The sperm chromatin was rapidly decondensed into membrane-bound nuclei by the extract (27) and induced transcription dependent on DNA concentration. Moreover, the threshold DNA concentration required for transcriptional activation in the extract was strikingly similar to the DNA concentration present in embryos at the MBT (∼50 ng/μL) ( Fig. 1 B and C) .
Although most genes are not transcribed before the MBT, some essential developmental genes, including critical signaling components, escape this global repression in Xenopus (28-31). To determine if our transcripts were sensitive to the DNA-tocytoplasm ratio rather than simply increasing in proportion to the amount of template, we measured transcription in extracts of different volumes containing the same number of sperm transcriptional templates (SI Appendix, Fig. S1 ). We measured a similar DNA-to-cytoplasm ratio threshold, indicating that the observed transcripts are, indeed, responsive to this ratio and that the observed DNA concentration dependence was not an artifact of the detection limit of our assay.
The predominant transcript from sperm chromatin was used to quantify the transcriptional response (Fig. 1B) . This transcript is a 180-to 220-nt single-stranded Pol III transcript based on its sensitivity to polymerase inhibitors and specific RNases (SI Appendix, Fig. S2 ). These observations are consistent with our major transcript being from the satellite repeat OAX, which has previously been observed to be highly expressed from sperm chromatin in Xenopus egg extract (32) . To confirm the identity of this transcript, we performed quantitative RT-PCR on samples containing above-threshold amounts of sperm DNA with or without the RNA polymerase inhibitors α-amanitin and actinomycin D. We observed a >70-fold increase in OAX transcription, whereas another previously reported sperm transcript of small size, 5S RNA, remained uninduced (SI Appendix, Fig. S3 ).
In Xenopus embryos, the addition of nonspecific DNA is sufficient to induce transcription (1) . To test whether our cell-free system depends on specific DNA sequences, we added λ-phage DNA to extracts and assayed transcription from a subthreshold number of reporter sperm nuclei. We found that λ-DNA was sufficient to induce transcription from the sperm nuclei in a dose-dependent manner with a threshold similar to the sperm chromatin alone (Fig. 1D) . The λ-DNA was not transcribed, likely because of a lack of suitable Xenopus promoters. Our experiments are consistent with a previous report showing that transcription from a single-stranded reporter was induced by the addition of λ-DNA (12) . These experiments indicate that titration of the transcriptional inhibitory activity is unlikely to be DNA sequence-specific and does not require the titrating DNA to be a template for transcription.
A Titratable Transcriptional Inhibitor Is Present in Xenopus Egg
Extract. Because DNA binding proteins are likely candidates for a DNA titratable inhibitor of transcription, we tested whether we could deplete the inhibitory activity from extracts using DNA as an affinity reagent. To do this, we coupled DNA from the pBluescript plasmid to magnetic beads and added these DNA beads to an extract to achieve a DNA concentration five times higher than the transcription threshold. We then removed the DNA beads and any associated factors and measured the transcriptional response of sperm chromatin titrated into this extract. We found that extracts depleted using DNA beads activated transcription at lower concentrations of sperm DNA than mock depleted controls ( Fig. 2 A and B) . These results are consistent with the removal of an inhibitory factor by the DNA beads.
We next tested whether the inhibitory activity removed from the extract with DNA beads could alter the transcriptional response when added to a fresh extract (Fig. 2C ). DNA beads sufficiently saturated with inhibitory activity from a first extract should be unable to titrate out additional inhibitor in a second extract. In contrast, control DNA beads treated with buffer should be competent to titrate out the inhibitor and thereby, induce transcription. Because pBluescript is not transcribed in extracts, we added subthreshold amounts of reporter sperm chromatin to measure transcription. The DNA beads that were pretreated with extract were unable to induce transcription, consistent with a transcriptional inhibitor binding to the DNA beads (Fig. 2D ). This loss of titration ability was not caused by degradation or permanent modification of the DNA on the beads, because boiling DNA beads after incubation in the first extract restored their ability to titrate inhibitor from a second extract (SI Appendix, Fig. S4 ).
Identification of Histones H3 and H4 as the Inhibitory Factor in Vitro.
To identify the transcriptional inhibitor, we sought to biochemically fractionate the egg extract and follow the inhibitory activity using our DNA bead assay. Throughout the fractionation, we added and removed DNA beads from each fraction and then assayed the DNA beads' ability to induce transcription in naïve extract (Fig. 2C) . We found that the inhibitory factor was present in high-speed, clarified extract and stable through multiple chromatographic steps (Materials and Methods, Fig. 3A , and SI Appendix, Fig. S5 ). Two fractions from the purification's final size exclusion step exhibited the bulk of the inhibitory activity and contained four protein bands as observed by silver staining. These bands were identified by MS as histones H3 and H4 with the slower mobility bands containing histone H4 and ubiquitin, consistent with posttranslational modification of the histone H4 ( Fig. 3B and SI Appendix, Table S1 ). These results indicate that H3 and H4 are likely responsible for the inhibitory activity in our assay. The titration hypothesis predicts that the titratable factor should be present in the embryo at a relatively constant concentration but should be depleted from the cytoplasm over the course of the cleavage divisions. To test this, we examined the concentrations of H3 and H4 in whole embryos by Western blot at time points starting immediately after fertilization until ∼4 h post-MBT. We find that total embryo concentrations for both H3 and H4 normalized to tubulin loading controls do not increase over this time period (Fig. 4) . Our result is consistent with a quantitative wholeproteome developmental time course, which also indicates that H3 and H4 levels do not change through early development (33) . Previous measurements have shown that histone protein is produced during the early cleavage division (34) , which suggests the possibility that histone turnover is regulated to achieve the constant total H3 and H4 levels observed in this and other studies. However, during the early cleavage divisions, which lack growth, the DNA concentration increases exponentially so that cytoplasmic histones would be rapidly depleted approaching the MBT. Consistent with this model, a recent study has shown that H4 is depleted from the cytoplasm and accumulates in the nuclear fraction over the course of development (35) .
Histones H3 and H4 Inhibit Transcription in Xenopus Egg Extract in a Dosage-Dependent Manner. If histones H3 and H4 are the inhibitory factors titrated during division, then increasing the histone concentration in the extract should increase the threshold amount of DNA required for transcription. To test this, we added bacterially produced H3/H4 at varying concentrations to extracts containing a range of concentrations of sperm chromatin or sperm chromatin and λ-DNA. We found that exogenous H3/H4 increased the amount of DNA required to activate transcription in a dosage-dependent manner (Fig. 5A) . These results are consistent with previous findings that addition of exogenous histones is sufficient to inhibit transcription from reporters in Xenopus extracts (12, 13) . Transcriptional inhibition by H3/H4 is not specific to sperm chromatin, because histone addition also inhibited transcription from Xenopus U6 plasmid DNA (SI Appendix, Fig. S6A ). Moreover, we observed a linear trend over a fourfold concentration range in the relationship between the amount of histone H3 in the extract and the amount of DNA required to activate transcription (Fig. 5B ). This apparently linear relationship between H3/H4 concentration and the DNA threshold strongly supports H3 and H4 as the titrated factors, because in the simplest titration model, doubling the amount of inhibitor should precisely double the amount of DNA required to overcome that inhibition. Histones H3 and H4 assemble into nucleosomes with equimolar stoichiometry to histones H2A and H2B. We tested whether the inhibitory capacity of histones in our assay was limited to H3/H4 by adding exogenous H2A/H2B dimers to extracts and assaying for transcription. We found that H2A/H2B dimers were able to inhibit transcription, which is consistent with a previous report showing that H2A/H2B addition inhibited transcription in Xenopus extract (13) . However, H3/H4 tetramers are approximately two times as efficient at inhibiting transcription as H2A/H2B dimers (as determined by how much is needed to reduce transcription from sperm chromatin by 50%) (SI Appendix, Fig. S6 B and C) . The greater inhibitory activity of H3/H4 likely reflects the higher affinity of the H3/H4 tetramer for DNA compared with the H2A/H2B dimer (36, 37) and the more rapid exchange of H2A/H2B in chromatin compared with H3/H4 (38) . We note that, whereas both histone pairs can inhibit transcription in vitro on their own, in the embryo, the nucleosome may be the ultimate inhibitory complex.
Histone ubiquitination is important for transcriptional regulation (39) , and a fraction of the histones that we isolated from extracts seems to be ubiquitinated. However, the bacterially purified histones that we use for the histone addition experiments are not posttranslationally modified before addition to the extract. Thus, although histone modifications, including ubiquitination, may be necessary for the transcriptional inhibition activity, their acquisition in our system is likely rapid and not rate-limiting.
To test whether depleting histones from extract would reduce the amount of DNA required for transcriptional activation, we removed histones using DNA beads, because histone immunodepletion was inefficient ( Fig. 2A) . After histones are removed in this manner, transcription was initiated at lower DNA concentrations (Fig. 5C ).
Although a large number of proteins is depleted by this manipulation, returning H3/H4 concentration to mock-depleted levels by addition of purified H3/H4 tetramers restored the DNA threshold to mock-depleted levels ( Fig. 5 C and D) . Taken together, our data support histones as the titrated transcriptional inhibitor.
Histone Levels Set the Timing of Specific MBT Events in Vivo. To test our histone titration model in vivo, we reduced the histone H3 concentration in embryos using previously characterized H3 morpholinos (40) . Morpholino injection at the one-cell stage reduced H3 levels by 40-56% as measured at 7.5 h postfertilization, the time at which we begin to observe large cell cycle lengthening in our assay (SI Appendix, Fig. S7 ). New histone synthesis is known to occur in the early embryo (34, 41) , but total H3 levels are constant during the pre-MBT period (Fig. 4A) (33) . This result suggests that approximately one-half of the relevant pool of histone H3 is turned over during embryogenesis and replaced by new translation before the MBT to maintain constant concentration.
To assay the effects of H3 levels on genome-wide transcriptional activation, we coinjected 32 P-α-UTP along with the H3 morpholino at the one-cell stage and measured total embryonic transcription from pools of five embryos starting at 6 h after fertilization. Both H3 morphant and control embryos display a similar set of transcripts exhibiting a greater diversity of molecular weights than we observed in our in vitro system (SI Appendix, Fig. S8 ). Critically, H3 morphant embryos advanced zygotic transcription compared with control embryos from the same clutch, consistent with our in vitro results ( Fig. 6A and SI Appendix, Fig. S8 ). This result shows that histone levels modulate the timing of zygotic genome activation in otherwise unperturbed Xenopus embryos. More specifically, the titration model predicts that a 50% reduction in H3 should shift the timing of transcriptional activation by a single-cell cycle, because the amount of DNA doubles with each division. Consistent with this quantitative model, we observe a shift in transcriptional activation by ∼30 min, the duration of a pre-MBT cell cycle (Fig. 6A) .
Although our results indicate that histone levels modulate the onset of zygotic genome activation, it is unclear whether histone levels would also affect other aspects of the MBT, such as cell cycle lengthening and onset of cellular motility. To examine the effect of histone levels on cell cycle control, we measured the duration of cell division cycles in H3 morphant and control embryos from the same clutch at single-cell resolution. We observed gradual but significant increases of cell cycle durations starting at the 10th cycle followed by a sharper increase near the onset of the MBT at cycles 12 and 13. For all comparisons, H3 morphant embryos had longer cell cycles than control embryos at the same division cycle. Slower cell cycles in the H3 morphants also resulted in larger cells (Fig. 6 B and C) . As in the case of transcriptional activation, an ∼50% reduction of H3 shifted cell cycle lengthening and asynchrony one cycle earlier (Fig. 6 C and E, SI Appendix, Fig. S9 , and Movie S1).
Our single-cell analysis of cell cycle durations indicates that, whereas H3 morphants are advanced one cycle compared with control embryos (P < 0.01, all comparisons), the kinetics of cell cycle lengthening are highly similar. For example, a comparison of the distributions of cell cycle durations shown in Fig. 6E indicates that 12th cycle H3 morphant embryos have similar cell cycles to 13th cycle controls. Moreover, 13th cycle morphants are similar to 14th cycle controls. Indeed, for all morphant cycles before the 14th cycle, cell cycle durations are similar to the following cycle in controls (P > 0.01, all comparisons) (Fig. 6E) . These results indicate that, although H3 morphants go on to die at gastrulation (40) (89 of 92 morphant vs. 3 of 31 control embryos) (Fig. 6D) , they undergo a quantitatively normal MBT that is shifted by a single-division cycle. Therefore, H3 morphant embryos behave precisely as predicted by the histone titration model, implying that cell cycle lengthening is not caused by some nonspecific developmental defect.
To further examine how H3 depletion affected MBT onset, we examined cellular motility in dissociated blastomeres. Embryo dissociation conditions can influence the timing of motility onset (2, 42, 43) ; thus, we examined motility using two distinct methods. The embryos were dissociated either at the 16-to 32-cell stage or immediately before examination (Materials and Methods). The onset of cellular motility was similar in dissociated blastomeres from H3 morphant and control embryos (SI Appendix, Fig. S10 and Movies S2 and S3). The ability of H3 morphant cells to initiate motility demonstrates that H3 morphant embryos were competent to initiate multiple aspects of the MBT before undergoing apoptosis. Our data also suggest that the timing of motility onset is controlled by a process that is separate from transcriptional activation and cell cycle lengthening. This finding is consistent with previous observations that motility does not depend on zygotic protein synthesis and can precede other aspects of the MBT (44).
The histone titration model predicts that doubling histone concentration should delay the MBT by a single-cell cycle. To test this, we microinjected exogenous H3/H4 into single-cell embryos. However, all attempts to double H3/H4 concentrations in vivo resulted in cleavage defects and early embryonic death. We, therefore, injected H3/H4 concentrations that increased H3 by 10-25% as measured 7.5 h postfertilization. This smaller Cell cycle duration lengthens one cycle early in H3 morphant embryos compared with control morpholino. Circles represent embryos that did not reach a 15th division before the movie limit. All data are shown for >15 cells per embryo; there are three control embryos and four H3 morphant embryos from the same clutch. Division times were manually annotated from movies with a 1-min frame rate (Materials and Methods). The box height represents the 25th to 75th percentiles, and the centerline represents the median. The whiskers extend to the farthest data point that is not an outlier. Outliers are plotted as diamonds. Results from two similar experiments are shown in SI Appendix, Fig. S9 . Div, division; ns, P value > 0.01 between H3 morphant and control embryos in consecutive cell cycles. *P values < 0.01 between H3 morphant and control embryos in the same cell cycle. manipulation resulted in a significant shortening of the immediate post-MBT cell cycles, which is consistent with predictions of the histone titration model (Fig. 7 and SI Appendix, Fig.  S11 ). After one or two shortened division cycles post-MBT, cell cycle durations returned to normal. This manipulation was not toxic, because embryos survived to the end of the assay at the neurula stage. Taken together, our in vivo results support histones as the titrated factor controlling cell cycle lengthening and activation of zygotic transcription at the MBT (Fig. 8) .
Discussion
Here, we developed an in vitro assay that recapitulated DNA-tocytoplasm ratio-dependent transcription and used this assay to identify histones H3 and H4 as the major titrated transcriptional inhibitors in extract. Consistent with the histone titration model, alteration of H3 levels quantitatively shifted the MBT in vivo. In addition to our results presented here, several other observations support histones as a DNA-titrated MBT inhibitor. In pre-MBT Xenopus embryos, histones are in excess and directly bind DNA, and their constant levels are not tied to DNA synthesis (34, 41) . Moreover, histones are repressive to exogenous transcription in Xenopus embryos and extract (10, 12) . Because nucleosomal histones are present across the genome, histone titration could directly regulate the diverse zygotic gene set associated with the MBT (30, 33) . Finally, histones bind DNA nonspecifically, which is consistent with the observation that many different DNA sources can shift the timing of the MBT (1).
Coordination of Multiple MBT Events. The degree of interdependence between zygotic genome activation and cell cycle lengthening at the MBT is unclear. Substantial inhibition of transcription in Xenopus embryos had no effect on cell cycle elongation at the MBT (2), suggesting a lack of strong coupling between these events. Furthermore, the acquisition of S-phase checkpoints, another aspect of the MBT, likely does not depend on transcription (45) . However, early transcription at the MBT has been shown to control G1 acquisition in zebrafish embryos (46) and the number of syncytial divisions in Drosophila (3-5, 7) .
Our results show that histone levels affect both cell cycle lengthening and transcriptional activation, suggesting a common regulatory mechanism. A threshold for S-phase lengthening might result from a lack of available histones to rapidly package newly synthesized DNA. Titration of the histone pool could lead to a cell cycle delay, which in turn, might allow sufficient time for transcript elongation. Alternatively, histones might affect transcription directly, so that cell cycle lengthening occurs because of the expression of cell cycle inhibitor(s). For example, in Drosophila, the cell cycle activator Cdc25 is destabilized by the zygotic transcription of tribbles (4). A similar mechanism may regulate cell cycle lengthening in Xenopus, where some zygotic transcript(s) could destabilize the replication factors Cut5, RecQ4, Treslin, and Drf1, which become limiting for rapid S-phase progression (18) . Alternatively, histones, replication factors, and other molecules might act semiredundantly to ensure precise and coordinated timing of the many disparate MBT events.
Chromatin-Based Mechanism of Transcriptional Activation. One explanation for how depletion of available histones might affect zygotic transcription would be through changes in local chromatin structure. In this model, pre-MBT chromatin would be densely occupied by histones to inhibit transcriptional machinery from assembling on and/or moving through the DNA. As histones are titrated by the increasing concentration of DNA, nucleosome occupancy would drop to provide greater access for transcription factors and RNA polymerases. Although histones bind throughout the genome, only specific transcripts become activated at the MBT, implying that additional regulators refine the global histone signal. Transcription factors that bind before widespread genome activation, such as Zelda in Drosophila, are critical regulators of early gene expression. Such early transcription factors might interact with histone titration signals to specify the locations of early nucleosome loss that primes sites for transcription (21, 25, 26) . More general changes in chromatin architecture might also play a role in zygotic genome activation. Although chromatin remodeling and histone-modifying enzymes do not seem to be ratelimiting in our in vitro assay, they may influence MBT chromatin structure by repositioning, evicting, or modifying nucleosomes to promote transcription. xDmnt1 is known to modify transcriptional output at the MBT through DNA modification (14, 16) , and changes in histone methylation and RNA polymerase II occupancy are detected at that time (47, 48) . In many organisms, including Xenopus, there is exchange of maternal histones with zygotic variants at the MBT (40) , suggesting that specific variants or subpools of maternal histones may play different roles during the MBT. The Drosophila maternal variant of linker histone H1 (dBigH1) has been suggested to inhibit premature zygotic genome activation (49) , and the zebrafish maternal H2A variant, H2af1o, has been linked to cell cycle synchrony (50) . Thus, multiple proteins and pathways may be required to convert the histone titration signal into a regulated and coherent transcriptional response regulating multiple cellular events and pathways.
DNA Titration Sensors Coordinating Growth and Division. Our work shows how a titration sensor can measure the DNA-to-cytoplasm ratio to set the timing of a developmental decision (Fig. 8) . More broadly, any cellular process that alters either the numerator or denominator of the DNA-to-cytoplasm ratio can be monitored by a DNA-based titration mechanism. Titration of a regulator supplied at constant concentration allows the genome to serve as a yardstick for measuring the number of regulatory molecules per cell, which is proportional to the cytoplasmic volume. Before the MBT, cells become smaller with each division, so that the number of histones per cell decreases until reaching a threshold. In growing cells, a titration mechanism could measure the amount of a constant concentration regulator accumulating in proportion to cytoplasmic volume. Thus, DNA titration mechanisms could be used to coordinate growth-dependent cell cycle events with cell size, which has been suggested for DNA replication in bacteria and yeast (51) (52) (53) (54) .
The initial observation leading to the MBT titration hypothesis was the relationship between ploidy and the number of rapid pre-MBT division cycles. In a wide variety of species, haploids undergo one more and tetraploids undergo one fewer rapid division cycle, so that the MBT is traversed at a constant DNA-to-cytoplasm ratio (55) . The DNA-to-cytoplasm ratio at the Xenopus MBT is part of a broad linear relationship between cell size and ploidy across eukaryotes in both endoreduplicated and experimentally manipulated contexts (53, 56) , which may reflect widespread use of titration mechanisms measuring the DNA-to-cytoplasm ratio. However, the molecular identity of the titrated regulator is unlikely to be conserved, because outside early embryonic development and histone and DNA synthesis are tightly coupled. Cells have many candidate titrated factors; most proteins are found at a nearly constant concentration through the cell division cycle, and many of these interact with DNA (57) (58) (59) (60) . Here, we identify histone titration as a specific mechanism in what we expect to be an important class of DNA titration-based sensors coordinating transcription, growth, and division.
Materials and Methods
Xenopus Egg Extract. Preparation of extracts was performed as previously described (61); 750 μM CaCl 2 was added to release the extracts into interphase. To monitor new transcription, 50 nL/μL 10 mCi/mL or 12.5 nL/μL 40 mCi/mL 32 P-α-UTP (BLU507H or BLU507Z; Perkin-Elmer) was added to each extract. Clarified extracts were prepared as in the work by Desai et al. (62) . Briefly, crude extracts not containing 32 P-α-UTP or CaCl 2 were spun for a second time at 50,000 rpm in a Beckman SW55Ti rotor for 2 h at 4°C. The clear middle layer was extracted using a 22-gauge needle.
Sperm Chromatin Preparation. Sperm chromatin was prepared as previously described (61) . Briefly, X. laevis testes were dissected and macerated, and the sperm was pelleted. The sperm was demembranated with lysolecithin and resuspended in storage buffer [250 mM sucrose, 15 mM Hepes, pH 7.4, 1 mM EDTA, 0.5 mM spermidine trihydrochloride, 0.2 mM spermine tetrahydrochloride, 1 mM DTT, 0.3% BSA, 30% (wt/vol) glycerol]. The stock concentration of sperm was measured using a hemocytometer. Stocks were flashfrozen in liquid nitrogen and stored at −80°C until use.
DNA Immobilization. pBluescript DNA was cut using EcoRI and BamHI (New England Biolabs) and end-filled using klenow (New England Biolabs) and biotin-dATP (Invitrogen). DNA was coupled to streptavadin dynabeads (65305; Invitrogen) following the protocol outlined in ref. 63 . For factor and histone depletion assays, ∼250 ng/μL DNA on beads was incubated in interphase extract at 4°C for 1-2 h and then removed. In assays that transfer the factor(s) from one extract or fraction to another, DNA beads were first incubated in an excess of extract or fraction for 1-2 h and then added to a fresh extract at ∼50 ng/μL.
In Vitro Transcription Assay. Interphase extracts containing 32 P-α-UTP were prepared as described above and distributed into 20-μL aliquots with or without DNA and bacterially purified histones as indicated. Histones were purified as previously described (64, 65) . In cases where sperm chromatin was used as a reporter, it was used at a concentration of 15 ng/μL, with the remainder of the DNA coming from either λ-phage (New England Biolabs) or pBluescript plasmid attached to dynabeads. Extracts were incubated at 16°C for 1.5 h with frequent mild agitation to prevent extract settling. RNAs were extracted using either Qiagen RNAeasy Kits or Tripure (Roche) following the manufacturers' instructions. Both RNA purification methods produced similar results. The entire RNA sample was run on a 5% (wt/vol) acrylamide and 8 M urea gel in 89 mM Tris-borate and 2 mM EDTA. Gels were dried, exposed to a phosphor screen overnight, and imaged on a Typhoon 9400 Variable Mode Imager (GE Healthcare). Pixel intensity within the band denoted in Fig. 1C was quantified after background subtraction using ImageJ (National Institutes of Health). Background subtraction was performed using an identical region below the end of the same lane. All titration series were normalized to a reaction lacking DNA. The threshold for transcriptional activation was defined as the first point 1.5-fold above the no-DNA sample.
Inhibitor Purification. High-speed supernatant was diluted fivefold in dilution buffer (2 mM MgCl 2 , 0.1 mM CaCl 2 , 10 mM K-Hepes, pH 7.7, 5 mM K-EGTA, pH 7.7) containing 20 mM KCl. Filtered extract was passed through a Q-Sepharose Fast Flow Column (GE Healthcare) and bound to an S-Sepharose Fast Flow Column (GE Healthcare). The S column was then washed with 5 column volumes 400 mM KCl and eluted with a linear gradient from 400 mM to 1 M KCl in dilution buffer. Activity-containing fractions were pooled and concentrated (10,000 molecular weight; Amicon), and then, they were separated over a Superdex 200 Column in dilution buffer containing 1 M KCl. The inhibitory activity of each fraction was assayed by first dialyzing each sample into cytostatic factor extract buffer (CSF-XB; 100 mM KCl, 50 mM sucrose, 2 mM MgCl 2 , 0.1 mM CaCl 2 , 10 mM K-Hepes, pH 7.7, 5 mM K-EGTA, pH 7.7) supplemented with 1 mM PMSF and 10 mM β-mercaptoethanol overnight and then incubating DNA-coupled dynabeads in each fraction for 1-2 h at 4°C. After recovering the beads with a magnet, we used one-half of the beads to assay the protein content by SDS/PAGE and silver staining, and the other one-half was used to assay the inhibitory activity associated with the beads as described above.
Measurement of Histone Levels. Fertilized embryos were allowed to develop at 20.0°C ± 0.5°C and collected as indicated. For each sample, 10 embryos were pooled and flash-frozen in liquid nitrogen. Embryos were rapidly thawed and lysed in 65 mM Tris, pH 7.5, 10 mM EDTA, 1 mM PMSF, 10 μg/mL aprotinin, 1 μg/mL pepstatin, and 5 mM DTT. Embryos were centrifuged at 20,800 × g for 20 min at 4°C to remove cellular debris and yolk. Equal protein concentrations were separated by SDS/PAGE and transferred to PVDF membrane (Bio-Rad Laboratories) in transfer buffer of 10 mM 3-(cyclohexylamino)- Microinjection. H3 morpholinos (which target both H3.2 and H3.3) and control morpholinos were previously described by Szenker et al. (40) . We microinjected embryos using a Harvard Apparatus PLI-100. Embryos were injected four times distributed equally around the animal cap with ∼5 nL relevant solution per injection. Control and H3 morpholinos were used at a concentration of 1 mM in water. In experiments using radiolabeled UTP, morpholinos were diluted with an equal volume of 40 mCi/mL 32 P-α-UTP (BLU007Z; Perkin-Elmer). H3/H4 tetramers were injected at 1.1-1.4 ng/nL 50% CSF XB. Embryos were allowed to recover in 3-5% Ficoll and visually inspected before use in all experiments.
In Vivo Transcription Assay. Embryos were injected as described above with 32 P-α-UTP and morpholinos and collected at time points as labeled.
32 P-α-UTP injection quantity was measured by scintillation counts on a BeckmanCoulter LS6500 and did not vary by greater than 15% between control and morphant embryos. RNAs were purified, visualized, and quantified as described for the in vitro transcription assay. Individual radiolabeled bands were measured and then summed to quantify total transcription. Each time series was normalized to its own 6.5-h value.
Cell Density Quantification. To control for the effects of variation in embryo size, the number of cells was counted inside a square with size that was normalized by total embryo size. Cells inside were included if more than one-half of the visible cell was within the box. P values were calculated using a two-tailed t test with unequal variance between the indicated distributions.
Cell Cycle Duration Measurement. To generate the data presented in Figs. 6 and 7 and SI Appendix, Figs. S9 and S11, we made and analyzed movies as follows. Movies were started at ∼2 h postfertilization (after the first or second cleavage). Embryos were allowed to develop in 1/3× Marc's modified Ringer's solution (MMR) containing 3-5% Ficoll until ∼4 h postfertilization, when they were changed to 1/2× modified Barth's saline for the duration of their development. Images were captured every 1 min on a Leica MZ16FA Stereomicroscope at 24× magnification using Image-Pro software. Movies were begun at the two-or four-cell stage, and divisions were counted to determine the frame number of the eighth cleavage. Then, ∼30 individual cells were selected from the visible portion of each embryo after the eighth cleavage. The intercleavage period was determined by manually tracking individual cells and noting the frame number at which the cleavage furrow visibly transected the entire cell. When daughter cells did not divide concurrently, the division time of the earliest dividing daughter was always used, and that cell was followed for the remainder of the movie. When the cleavage could not be observed, as in cases where the cleavage plane did not intersect with the embryo surface, the cell was omitted from analysis.
Box plots were generated using the first and third quartiles (q 1 and q 3 , respectively; 25th and 75th percentiles) as the box and the median as the centerline. Whisker lengths correspond to the farthest data point that was not an outlier. Outliers were defined as points above or below q 3 + 1.5(q 3 − q 1 ) or q 1 − 1.5(q 3 − q 1 ), respectively. P values were calculated using a two-tailed t test with unequal variance between the indicated distributions. At least 15 cells were counted for each embryo at each cell cycle.
Cell Motility Assay (Method 1). We followed the method in ref. 2 with slight modifications. Embryos were fertilized and allowed to develop at 19°C in 5% Ficoll and 1/2× MMR until the 16-to 32-cell stage, at which point they were transferred to a 0.5% agarose-containing Petri dish, where vitelline membranes were manually removed. After 30 min, embryos were placed in fresh dissociation media (100 mM sodium isethionate, 20 mM sodium pyrophosphate, 20 mM D-glucose, pH 9.0) in agar-bottomed Petri dishes, where dissociated blastomeres continued to divide and spread out laterally. At indicated time points, dissociated blastomeres from one or two embryos were gently transferred to chambered slides (0.7 × 0.7 cm; Nunc Lab-Tek II Chambered Coverglass) for time-lapse analysis.
Cell Motility Assay (Method 2). Fertilized embryos developed in 5% Ficoll and 1/2× MMR until 15 min before the indicated time points, when the vitelline membranes were manually removed. Demebranated embryos were gently transferred to fresh dissociation media for 5 min and then, chambered slides. Embryos were gently pipetted three to four times to fully dissociate blastomeres.
Cell Motility Measurement. Dissociated blastomeres were imaged in phase contrast on an inverted Leica DMI6000 Microscope using a 10× objective. One image was taken every 5 s for 60-90 s alternating between H3 morphant and control embryos. Dissociated blastomeres were scored as motile or nonmotile using the parameters derived from ref. 66 . We scored two motile subtypes: finger-like protrusions and bleb and/or circus movements. Cells exhibiting both phenotypes were scored as bleb and/or circus movement. Large vegetal blastomeres were excluded.
Quantitative PCR. Transcriptionally active samples contained >50 ng/μL sperm DNA. In other samples, sperm plus 45 μM H3 and H4 or sperm plus 20 ng/μL α-amanitin and 5 ng/μL actinomycin-D were added to inhibit transcription. We used polymerase-inhibited controls with identical quantitates of sperm DNA to control for the effects of any potential genomic DNA contamination, because OAX and other Pol III transcripts are derived from high copy-repetitive elements. RNA was extracted as described, and treated with DNase (TURBO DNase; Ambion) followed by isolation with a minElute RNA Cleanup Kit (Qiagen); 5 μg DNase-treated RNA was reversetranscribed with random hexamer primers using SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's protocols. The resulting cDNA was amplified using gene-specific primers tested for similar efficiency, and levels of target transcripts were measured with quantitative RT-PCR using SYBR Green Master Mix (11760; Invitrogen) on an ABI Prism 7900HT and cycle thresholds (CTs) determined automatically. Gene expression values were normalized to the reference gene ODC, which has stable expression in all extract conditions tested. Relative expression levels were calculated with the ΔΔC T method (67) . Fold changes are reported relative to transcription-blocked controls. Each quantitative PCR experiment graphed in SI Appendix, Fig. S3 consists of two technical replicates from two experimental replicates (different experiments from the same extract) in two to three biological replicates (from different extracts).
The following X. laevis primers were used: OAX_forward, CTCCAGTCTG-CTGTGCCTAA; OAX_reverse, GAAGGCGGATGATGGACTAC; 5S_rRNA_forward, CCCTGAAAGTGCCTGATCTC; 5S_rRNA_reverse, AAGCCTACGACACCTGGTAT-TC; U6_forward, TGCTTCGGCAGCACATATAC; U6_reverse, ATGGAACGCTT-CACGAATTT; ODC_forward, GGAAAGCAACCTTGGCAAGA; and ODC_reverse, AGGCCACACTGGCAACTCA.
RNA Characterization. For the polymerase inhibition experiments, α-amanitin or actinomycin-D at labeled concentrations was added to extracts before incubation at 16°C. To test nuclease sensitivity, RNAs were extracted and treated for 1 h at room temperature with 100 ng/μL inactive RNase H-D10A, RNase H, RNase III, or RNase A in 1× PBS with 2 mM MgCl 2 or 0.1 units/μL DNase I in 10 mM Tris, pH 7.4, 2.5 mM MgCl 2 , and 0.1 mM CaCl 2 . Transcript size was measured by SYBR Gold (Invitrogen) staining of the unlabeled lowrange ssRNA ladder (New England Biolabs) before autoradiography and aligning images in Adobe Illustrator.
Heat Inactivation of Inhibitor. After incubation with crude extract, DNA beads were recovered, washed, and placed into 10 μL CSF XB. Beads were either placed at 95°C or left on ice for 10 min and added to extracts at the indicated concentrations without additional washing.
XlU6 plasmid was a gift from Philippe Carbon (Institut de Biologie Moleculaire du CNRS, Strasbourg Cedex, France) (68) .
